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Thomas Fandel, Maarten Albersen, Tom F. Lue, and Ching-Shwun Lin
OBJECTIVE To investigate the effects of prolonged vaginal distension and -aminopropionitrile (BAPN) on
the urinary patterns and urethral structure in female virgin rats.
ETHODS A total of 21 female virgin rats were randomly divided into 3 groups of 7 rats each. The control
group received no intervention; the vaginal distension (VD) group was treated with prolonged
VD by balloon inflation; and the VD plus BAPN group was treated with VD plus intraperitoneal
injection of 150 mg/kg of BAPN every 3 days. Three weeks later, all the rats underwent conscious
cystometric analysis and were then killed for histologic analysis of the urethra.
ESULTS Conscious cystometry identified 0, 3, and 5 rats in the control, VD, and VD plus BAPN groups
with an abnormal voiding pattern, respectively. The urethral collagen content was significantly
lower in the VD and VD plus BAPN rats compared with the control rats. The urethral elastic
fibers were disorganized and shorter in the VD and VD plus BAPN rats and were fragmented and
lacking the intermuscle connections in the VD plus BAPN rats. The urethral striated muscle
fibers were shorter and more widely spaced in the VD and VD plus BAPN rats than in the control
rats. Additionally, those in the VD plus BAPN group exhibited an abnormal wavy shape
suggestive of a lack of architectural support.
ONCLUSION Prolonged vaginal distension caused urodynamic changes and histologic abnormalities in the
urethra, including reduced collagen content, fragmented elastic fibers, and sparsely arranged and
shortened striated muscle fibers. BAPN appears to interfere with the restoration of collagen and
elastic fibers. UROLOGY 78: 968.e13–968.e19, 2011. © 2011 Elsevier Inc.
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tUrinary incontinence (UI) afflicts 200 millionpeople worldwide1 and cost nearly $20 billion inthe United States alone in 2000.2 In a recent
urvey of 4229 women aged 20 years, 49.6% reported
aving UI symptoms. Among them, 84.1% reported hav-
ng stress UI (SUI).3 However, despite the recognition of
UI’s importance in healthcare and a wealth of knowl-
dge about its risk factors, our understanding of SUI’s
ausal mechanism remains limited. Historically, the hy-
ermobility theory, which considers that SUI is predom-
nantly associated with a lack of urethral support, has
ominated the field.4 However, it is well known that
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All Rights Reservedany women with urethral hypermobility remain conti-
ent,5 and surgical improvement of urethral support still
ails for a significant number of women.6 Furthermore, a
ecent case-control study concluded that “maximal ure-
hral closure pressure and not urethral support is the
actor most strongly associated with SUI,” and DeLancey
t al7 suggested that “improving urethral function may
ave therapeutic promise.”
Therapy by improving the urethral function requires
n understanding of SUI-associated changes in the ure-
hra. However, patients’ urethral tissues are usually un-
vailable for research; thus, animal models mimicking
uman SUI are valuable tools for both urodynamic and
athologic studies. In the past decade, such an animal
odel has permitted the identification of several SUI-
elated changes at the molecular and cellular levels.8-11 It
as also allowed the recognition of the involvement of
oth cellular and extracellular compartments in the
athogenesis of SUI. In the latter instance, we first noted
hat SUI was associated with a decrease in type I collagen
nd fragmentation of the elastic fibers.12 We also found
hat the elastic fiber abnormality was exacerbated by
strogen supplementation.13 However, although we con-
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9sider that these structural changes are likely the conse-
quence of birth trauma, the interpretation is hampered
because the SUI model was generated by a combination
of pregnancy, delivery, prolonged vaginal distension, and
ovariectomy. Therefore, in the present study we con-
ducted our research with virgin female rats that were
treated with prolonged vaginal distension without ovari-
ectomy. We also performed experiments with an addi-
tional group of rats that were treated with -aminopro-
pionitrile (BAPN)—in the hope that this additional
treatment would allow us to gain a better understanding
of the extracellular matrix’s role in SUI.
BAPN has been used extensively to study the contri-
bution of extracellular matrix to normal tissue function
and disease processes. By specific inhibition of lysyl oxi-
dase, it interferes with the cross-linking step of collagen
and elastic fiber biosynthesis.14 In animals treated with
APN, collagens become abnormally soluble and the
lastic fibers are weakened in tensile strength.15 Thus,
APN has proved useful in the creation of animal mod-
ls, such as aortic aneurysm, that have weakened collagen
nd elastic fibers.16 In the present study, we found that
APN exacerbated the effect of prolonged vaginal dis-
ension on urinary continence and urethral structure.
MATERIAL AND METHODS
Rats
A total of 21 female virgin Sprague-Dawley rats, age 2 months
and weighing approximately 200 g, were obtained from Charles
River Laboratories (Wilmington, MA). They were randomized
equally into a control group, a vaginal distension (VD) group,
and a VD plus BAPN (VD plus BAPN) group. The control
group received no treatment and the VD group underwent
prolonged vaginal distension under anesthesia with ketamine
(90 mg/kg intraperitoneally) and xylazine (10 mg/kg intraperi-
toneally). The rats were placed on a heating pad to maintain
isothermia at 37°C. The balloon of a transurethral catheter
(18F, Bard, Covington, GA) was placed intravaginally and was
filled with 3 mL of water. A 130-g weight was placed on the
suspended end of the catheter, providing a constant pull to
direct the force to the pelvic floor. This catheter was left in situ
for 4 hours. The VD plus BAPN group underwent the same
procedure as the VD group and also received intraperitoneal
injection of 150 mg/kg of BAPN every 3 days. Three weeks
later, all the rats underwent urinary function assessment by
conscious cystometry. The institutional animal care and use
committee at University of California, San Francisco approved
all experimental protocols.
Conscious Cystometry
For conscious cystometry, the rats were placed under isoflurane
anesthesia and a transvesical catheter was inserted 24 hours
before urodynamic testing. The tip of a polyethylene-90 tubing
(Clay-Adams, Parsippany, NJ) was heated to create a collar,
and the catheter tip was implanted at the bladder dome. A
second probe was placed in the intra-abdominal space to mea-
sure the abdominal component of the vesical pressure. A piece
of polyethylene-90 tubing was fitted with a small balloon and
tied in place with a suture. The tubing was passed through the
68.e14abdominal wall muscle and tunneled subcutaneously to emerge
at the dorsum of the neck. For conscious cystometry, the rat was
restrained in a tunnel attached to a metabolic cage grid (Brain-
tree Scientific, Braintree, MA). The bladder was filled at a rate
of 0.1 mL/min using an infusion pump (KD Scientific, Holli-
ston, MA). The intravesical pressure changes were recorded by
a computer using LabView, version 6.0, software (National
Instruments, Austin, TX) at a rate of 10 samples/s. The voided
urine was recorded using an electronic scale connected to the
LabView software. After stabilization of the micturition cycle
for 10 minutes, the bladder was emptied by aspiration, and the
micturition cycles were recorded for 40 minutes. Multiple cys-
tometric variables were recorded by obtaining the mean values
of 4 voiding cycles. The baseline pressure was defined as the
lowest bladder pressure between voids. The voiding threshold
pressure was the pressure at which the urine was first detected at
the urethral meatus. The voiding function of each rat was
classified as “abnormal” if the bladder filling was accompanied
by frequent, low-volume bladder contractions with urethral
leakage. The postvoid residual urine volume was determined by
withdrawing urine from the bladder at termination of cystom-
etry. On completion of cystometry, the rats were killed, and
their urethras harvested for histologic examination.
Urethral Tissue Preparation
The urethra was fixed in cold 2% formaldehyde and 0.002%
saturated picric acid in 0.1-M phosphate buffer (pH 8.0) for 4
hours, followed by overnight immersion in buffer containing
30% sucrose. The specimens were then embedded in OCT
Compound (Sakura Finetic USA, Torrance, CA) and stored at
70°C until use. Fixed frozen tissue specimens were cut at 10
m, mounted onto SuperFrost-Plus charged slides (Fisher Sci-
ntific, Pittsburgh, PA), and air dried for 5 minutes.
Phalloidin Stain for Muscle Fibers
The tissue sections were incubated with Alexa-488-conjugated
phalloidin (Invitrogen, Carlsbad, CA), which was diluted 1:100
in 1% bovine serum albumin, for 20 minutes at room temper-
ature. After rinsing with phosphate-buffered saline, the tissues
were stained with 4=,6-diamidino-2-phenylindole for nuclear
staining, 1 g/mL (Sigma-Aldrich, St. Louis, MO). The stained
tissues were examined using a Nikon Eclipse E600 fluorescence
microscope (Nikon Instruments, Melville, NY).
Masson’s Trichrome Stain
The urethral tissue sections were prepared as above, immersed
in warm (58°C) Bouin solution for 15 minutes, rinsed, stained
with Weigert hematoxylin for 10 minutes, and then rinsed until
only nuclei remained stained. The sections were then stained
with Biebrich scarlet-acid fuchsin for 3 minutes, rinsed, and
immersed in phosphomolybdic acid for 45 minutes. Next, the
sections was stained with Aniline Blue for 3 minutes, rinsed in
distilled water for 2 minutes, immersed in 1% acetic acid for 2
minutes, and rinsed in distilled water for 2 minutes twice.
Finally, the sections were dehydrated through increasing con-
centrations of ethanol, left to air-dry, and mounted. To prevent
variations in staining, all samples were stained simultaneously
using this procedure.
Image Analysis and Quantification
Five randomly selected fields per tissue section at 400 for
elastic fibers or at 200 for muscle fibers and collagen were
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7photographed and recorded using a Retiga Q Image digital still
camera and ACT-1 software (Nikon Instruments). The images
were then quantified for the length of elastic and muscle fibers
or for the pixel number of collagen stain using Image-Pro Plus
Image software (Media Cybernetics, Silver Spring, MD).
Statistical Analysis
The data were analyzed using Prism, version 4 (GraphPad
Software, San Diego, CA). Analysis of variance followed by the
paired t test was used to determine the difference between
different treatment groups. Difference was considered signifi-
cant at P  .05. All data are shown as the mean  standard
eviation.
RESULTS
Effects of VD and BAPN on Voiding Patterns
Conscious cystometry has defined abnormal voiding pat-
terns as continuous or intermittent urine leakage at low
bladder pressure during the filling phase.17 On the basis of
this definition, the cystometric analyses in the present
study identified 0, 3, and 5 rats in the control, VD, and
Figure 1. Changes in urinary patterns. (A) Representative c
P, abdominal pressure; pBP, bladder pressure without abd
D plus BAPN, VD plus BAPN-treated rats. (B) Compilation
rats.VD plus BAPN groups, respectively, with abnormal void-
UROLOGY 78 (4), 2011ing patterns (Fig. 1). On average, the rats in the VD
group had a significantly lower voiding threshold pressure
than did the control rats. The rats in the VD plus BAPN
group had a significantly lower voiding threshold pressure
than the VD rats. Likewise, the rats in the VD group had
significantly greater voiding frequency than did the con-
trol rats, and the rats in the VD plus BAPN group had a
significantly greater voiding frequency compared with the
VD rats. In contrast, no significant difference was found
in the voiding volume among the 3 groups.
Effects of VD and BAPN on Urethral Collagen
Collagen, the major extracellular component of the
female urethra,18 was mainly found in the inner circle
(smooth muscle layer) of the urethra in normal rats
(Fig. 2A). Its amount was significantly reduced in the
VD rats, and was further reduced in the VD plus
BAPN rats (Fig. 2).
Effects of VD and BAPN on Urethral Elastic Fibers
In the urethra of the control rats, the elastic fibers ap-
metric charts of 10-minute recording. BP, bladder Pressure;
al pressure; V, voiding; C, control rats; VD, VD-treated rats;
stometric analysis results. Each bar represents average ofysto
omin
of cypeared to connect between the striated muscle fibers (Fig.
968.e15
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tion d3). In the VD rats, the elastic fibers were shorter and not
as well organized (Fig. 3). In the VD plus BAPN rats, the
elastic fibers were fragmented and lost the intermuscle
connections (Fig. 3).
Effects of VD and BAPN on Urethral Muscle
Muscular abnormalities were visible in the trichrome-
stained urethras of the VD and VD plus BAPN rats (Figs.
2A and 4A). Specifically, the striated muscle fibers were
more widely spaced and shorter in the VD and VD plus
BAPN rats than in the control rats. The phalloidin stain,
which specifically stains muscle fibers, further demon-
strated these differences in muscle morphology between
the control and treated groups (Fig. 4B). In particular,
the striated muscle fibers in the VD plus BAPN group
exhibited a “worm-like” shape (Fig. 4B). For quantitative
analysis, the average lengths of the striated muscle fibers
were compared between the control and treated groups
(Fig. 4C).
COMMENT
Historically, the hypermobility theory has dominated the
field of research aimed at identifying the causes of SUI.
The acceptance of this theory and tissue availability
Figure 2. Changes in urethral collagen. (A) Representativ
VD-treated (VD), and VD plus BAPN-treated (VD plus BAPN) r
Original magnification 200. (B) Compilation of quantificaissues might explain why most histologic studies in SUI c
968.e16research have focused on periurethral rather than ure-
thral tissue. However, the study by DeLancey et al7,
which concluded that changes in the urethra play the
most significant role in SUI development, point to the
need to refocus our attention on the urethra. To under-
take this challenge, urethral tissues from SUI animal
models are practical alternatives to human tissues.
The rat urethra is anatomically similar to that of hu-
mans and therefore suitable for studying SUI-related
changes.19 Because most patients with SUI are parous
and menopausal, we established a rat SUI model by
treating postpartum rats with VD and ovariectomy. Al-
though that rat model has been useful for assessing SUI-
related functional and histologic changes, the interpre-
tation of the experimental data has been complicated by
the multifactorial nature of the intervention procedure.
Thus, in the present study, we focused on testing VD,
which is singularly the most critical factor for inducing
SUI symptoms,11 combined with BAPN, which is well
nown for its effects on the extracellular matrix but
as not been investigated in a urologic setting. The
esults showed that, at 3 weeks after treatment, most VD
ats exhibited normal urinary patterns and most VD plus
APN rats had abnormal patterns. This was paralleled by
ages of trichrome-stained urethral tissues of control (C),
Urethral lumen located at lower right corner of each image.
ata. Each bar represents average of 7 rats.e im
ats.hanges in the urethral collagen, elastic fiber, and striated
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ta. Emuscle, with VD alone having milder effects compared
with VD plus BAPN.
By examining the urethral needle biopsy specimens of
continent patients and those with SUI under electron
microscopy, Fitzgerald et al20 observed SUI-related alter-
tions in collagen fibril morphologic characteristics. Al-
hough it is not known whether urethral collagen is
uantitatively affected in patients with SUI, we have
reviously shown that urethral collagen content was de-
reased in rats with SUI symptoms.12 Others have re-
orted decreased periurethral collagen content in pa-
ients with SUI.21-23 In addition, increased collagenolysis
n the vaginal mucosa of patients with prolapse disorder
as also been observed.24 Thus, it appears that a decrease
in collagen content is associated with SUI-related ure-
thral, periurethral, and vaginal abnormalities.
In the periurethral tissue of women with SUI and a
hypotonic urethra, irregular fragmented elastic fibers
have been observed.25 In lysyl oxidase-like-1 knockout
ice, which are unable to assemble elastic fibers properly
nd exhibit SUI symptoms, a disorganized elastic fiber
ystem in the urethra has also been demonstrated.26 In
Figure 3. Changes in urethral elastic fibers. (A) Represe
(arrowhead) in striated muscle layer of control (C), VD-treate
magnification 1000. (B) Compilation of quantification daur SUI rat model, we also found that the urethral elastic
UROLOGY 78 (4), 2011bers were disorganized and fragmented.12,13 In the pres-
nt study, we found that urethral elastic fibers were
lightly affected by VD but became fragmented in the VD
lus BAPN rats. Thus, it appears that birth trauma, as
epresented by VD, disturbs the elastic fiber system,
hich becomes further fragmented by BAPN’s blockade
f elastic fiber biosynthesis.
Magnetic resonance imaging has found that the ure-
hral striated muscle layer was significantly thinner in
omen with SUI than in continent women.27 In the
resent study, we found that the urethral striated muscle
bers became sparse and shorter in the VD and VD plus
APN rats. In particular, those in the VD plus BAPN
roup also exhibited a crooked “worm-like” shape sugges-
ive of lacking architectural support. Because it has been
hown that normal muscular architecture requires an
ntact elastic fiber system,28 it is possible that the frag-
mentation of elastic fibers and their loss of intermuscle
fiber connections in the VD plus BAPN rats are respon-
sible for the abnormal striated muscle morphology.
Most patients with SUI incurred parturition-induced
urethral injuries years or decades earlier. However, the
ive images of urethral tissues stained for elastic fibers
D), and VD plus BAPN-treated (VD plus BAPN) rats. Original
ach bar represents average of 7 rats.ntat
d (Vpresent SUI animal models simulate the acute, but not
968.e17
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m barthe clinically relevant chronic, phase of disease progres-
sion. Specifically, we and others have observed that VD-
induced incontinent rats spontaneously regained normal
urinary function.11,29 Thus, to better simulate clinical
SUI, it is necessary to inhibit this spontaneous recovery
of urinary function. To this end, our present study points
to the feasibility of adding BAPN to the SUI-induction
regimen. By chronically suppressing collagen and elastic
fiber biosynthesis, BAPN is expected to delay or prevent
the spontaneous recovery of urinary function in VD-
treated rats and thus make them more clinically relevant.
As mentioned in our beginning paragraphs, BAPN has
been used to create animal models of aortic aneurysm.16
In regard to the treatment of aortic aneurysm, one of the
most promising strategies is the administration of doxy-
cycline (DOX), an inhibitor of matrix metalloprotei-
nase.30 In our ongoing research, we are also testing the
effects of DOX on SUI. Thus, although the present study
reports the use of BAPN for the creation of a long-term
SUI animal model, we have also obtained valuable data
on the effects of DOX on SUI (report in preparation).
We believe that this combination of exploring BAPN as
a negative effector and DOX as a positive effector of
urinary continence is the best approach in the search of
effective treatment of SUI.
CONCLUSIONS
Prolonged VD, which simulates prolonged labor, caused
Figure 4. Changes in urethral muscle. (A) Representativ
D-treated (VD), and VD plus BAPN-treated (VD plus BAPN) r
B) Representative images of phalloidin-stained urethral tiss
nd cell nuclei stained blue with 4=,6-diamidino-2-pheny
agnification. (C) Compilation of quantification data. Eachbirth trauma-like urodynamic changes and histologic ab-
968.e18normalities in the urethra, including reduced collagen
content, fragmented elastic fibers, and sparsely arranged
and shortened striated muscle fibers. BAPN might inter-
fere with the biosynthesis or restoration of the collagen
and elastic fibers.
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